ABSTRACT Gel precipitation reactions determined antibody isotypes in bile from hens differing in dietary efficiency. Ouchterlony double diffusion employing α-chain specific goat-anti-chicken IgA, rabbit anti-chicken IgG, goat anti-chicken IgM, black turtle bean (BTB), and Jacalin lectins as precipitating reagents detected bile IgA, IgG, and IgM from Salmonella exposed and nonexposed hens. The IgA was present in 1 of 3 forms designated by reagent and frequency: IgA B (precipitated by BTB lectin) 100%; IgA A (precipitated by anti-α chain antibody) 98%, and IgA J (precipitated by Jacalin) 97%. That both BTB and Jacalin precipitates contain IgA was confirmed by immuno-dot blots using affinity purified α-chain specific antibody, establishing each as IgA glycoforms.
INTRODUCTION
Calculation of metabolic efficiency by measuring feed consumption and related parameters of growing hens has been used to classify them as efficient (R−) or nonefficient (R+; Van Eerden, et al., 2004a) . Efficient hens reach a given BW and production level consuming less energy. Whether metabolic efficiency status compromises other physiological processes is of interest. If efficiency occurs at the expense of immunity, the cost might exceed its benefits.
Recently we have shown differences between R− and R+ hens in their production of antibodies to S. enteritidis somatic and flagella antigens, representing acquired immunity (Cotter and Van Eerden, 2006) . This happens even though they do not seem to differ in "anti-Gal" levels, an antibody representing innate immunity (Cotter et al., 1 Corresponding author: kamcotter@juno.com 861 than either IgA A or IgA B . Arc lengths of individual samples were not significantly correlated suggesting that these are independent components of bile. Oral Salmonella enteritidis challenge resulted in a highly significant difference in bile IgA profiles. The IgA J arc lengths (λ) in R− hens increased by 20% over those in nonchallenged R− hens. Conversely S. enteritidis challenge was associated with a decrease of 10% in IgA J arc lengths in nonefficient (R+) hens. Salmonella enteritidis challenge was not associated with arc length differences in either IgA A or IgA B .
The IgG was present in all specimens, and in 9 of 59 (15%) 2 forms were detected. The IgG quantity was unaffected by either efficiency type or S. enteritidis challenge. The IgM was detected in only 2 of 59 (3.4%) specimens. Our observations suggest IgA of bile is composed of multiple forms influenced both by diet efficiency status and S. enteritidis exposure. It appears that the latter resulted in an increased quantity of IgA J in R− hens, and suggests the existence of functional differences among the various IgA types.
2005). Salmonella enteritidis exposure resulted in the production of more bile antibodies to flagella (H) and somatic (O) antigens by R− hens after live oral challenge. Because IgA is important in the defense against S. enteritidis disease (Sheela et al. 2003) , it is likely that this represented an adaptive response to the infection. Bile contains high amounts of IgA and IgG, but IgM is found infrequently. Therefore, it is logical to compare the repertoire of bile immunoglobulin in hens of both types. Using gel precipitation methods, we will show the existence of differences between R− and R+ hens in conjunction with Salmonella exposure. This difference occurs principally in a novel high MW form of avian IgA precipitated by Jacalin, a lectin extracted from Jackfruit, Artocarpus integrifolia (Cotter, 2004 ). This precipitate, now designated as IgA J , is shown to be an IgA glycoform by immuno-dot-blotting.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Wageningen University approved all experimental protocols. 
Hens and Husbandry
Hens were the Lohmann Brown Egg type reared in floor pens through 4 wk. Efficiency status was determined on the basis of residual feed intake calculations at 14 wk after 10 wk of data collection (Van Eerden et al., 2004b) . Initially hens were fed a starter diet (ME 2,600 kcal/kg; CP 200 g/kg) and water ad libitum. This was gradually replaced by a grower diet (ME 2,600 kcal/kg; CP 175 g/kg) fed throughout the remainder of the experiment. Respiration chambers receiving 9L:15D in a room where the average temperature was adjusted to 21°C served as isolators. The details of these procedures have been given earlier (Van Eerden et al., 2004b) . Four batches of 16 hens each were alternatively exposed or not exposed by oral challenge at 16 wk using 1 × 10 8 cfu of a nalidixic acidresistant strain of S. enteritidis.
Collection of Bile
Bile (n = 59) was obtained at necropsy on wk 20 by puncturing gallbladders with a 21-gauge needle attached to 1-mL tuberculin syringe. A few were empty, but typically a volume of bile ranging from 0.25 to 1.5 mL was recovered.
Antibody
Antibodies to chicken immunoglobulins of the following specificities were purchased from a commercial Table 2 . The IgA J (IgA form precipitated by Jacalin) Ouchterlony precipitate mean arc lengths (λ, mm); ⌬ indicates the effect of Salmonella enteritidis exposure in hens differing in diet efficiency source: goat anti-chicken IgA (α-chain specific), rabbit anti-chicken IgG (heavy and light chain specific), and goat anti-chicken IgM (MP Bio-Medicals, Irvine, CA).
Lectin Preparation
Black Turtle Bean Lectin. The method used to prepare black turtle bean lectin (BTB) has been described in detail earlier (Cotter, 2000a) . Briefly, flour prepared by coarse grinding of whole seeds was suspended in PBS as a 10% wt/vol solution. It was cold extracted (4°C) and clarified by centrifugation.
Jacalin. Jackfruit seeds (Artocarpus sp.) were obtained from a commercial supplier (The Banana Tree, Inc., Easton, PA). Seventy grams of fresh (8) seeds were blended with 350 mL of PBS, extracted at 4°C overnight. Solids were removed by low speed centrifugation (2,000 × g), and the supernatant was sterilized by passage through a 0.2-micron vacuum filter. The filtrate was aged in the liquid state (2°C) for approximately 4 yr. The slight precipitate that formed during aging was removed by 15 min of high-speed (Eppendorf) centrifugation. The final product is a clear liquid having a slight beige tinge, and is stored without preservative at −20°C.
Immuno-Dot-Blotting
Briefly, precipitates and supernatants formed by centrifuging bile incubated for 96 h at 4°C with BTB, Jacalin (JFE; a lectin from Artocarpus sp.), or PBS were spotted onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) and blocked overnight at room temperature with PBS containing 5% nonfat dry milk. Immunoaffinity purified primary antibody diluted to 1:20,000 in PBS (α-chain specific or -chain specific; Gallus Immunotec Inc., Fergus, Ontario, CA) was added to separate Petri dishes containing replicate membranes and incubated for 1 h at room temperature with agitation. A replicate membrane that was placed into a Petri dish containing PBS only was included as an additional control. A horseradish peroxidase conjugated rabbit anti-goat IgG (H+L; Zymed Laboratories, South San Francisco, CA) second antibody was added to each Petri plate and incubated for 1 h at room temperature. Spots were developed using tetramethylenbenzidine membrane peroxidase substrate (KPL Laboratories, Gaithersburg, MD).
Quantification of Immunoglobulins
Immunoglobulins in bile were identified by gel precipitation using a modified Ouchterlony double diffusion method. Agarose (0.75%; SeaKem ME #50015, FMC Inc., Rockland, ME) was poured into 60-mm plastic Petri dishes accommodating four 5-uL bile specimens placed in wells punched at the periphery. A central well was charged with antibody or lectin. Incubation was for 72 h at room temperature. After drying the gels, precipitin arcs were stained for protein with Coomassie Fast Blue (Sigma, St. Louis, MO). Three measurements of each arc were made using an electronic digital caliper (Fowler Max-Cal #950-201, N. Andover, MA) with a resolution of 0.01 mm: its distance from the sample origin (d 1 ), its distance from the antibody or lectin containing well (d 2 ), and its length (λ). The d 1 and d 2 are determined by diffusion coefficients, and hence the molecular weight (MW) of the reactants. Provided large concentration differences between reactants do not occur, d 1 + d 2 will be of equal sum and be independent of the precipitate's length (Cotter, 2000) . Moreover double diffusion systems possess a capacity to adjust themselves to equivalence to compensate for diffusion coefficient differences. Precipitate length (λ) depends on the amount of sample immunoglobulin and precipitating reagent entering the zone of equivalence, so it may be used as an estimate of quantity (Crowle, 1973) .
Statistical Analysis
Arc lengths (λ) and diffusion distances (d 1 , d 2 ) were treated as dependent variables using the GLM procedure of SPSS (SPSS Inc., Chicago, IL) version 11.5 for Windows.
RESULTS
The IgA precipitates were present in all bile specimens in 1 of the 3 forms shown in Figure 1 . The IgA form precipitated by BTB lectin (IgA B ) predominated, being present in 100% of the specimens, followed by the IgA form precipitated by anti-α chain antibody (IgA A ) at 98%, and IgA J at 97%. With the exception of one sample lacking in IgA A , 3 forms were present in each specimen. There were no significant correlations between the arc lengths (α) of the 3 forms (data not shown).
Mean arc lengths for each efficiency type S. enteritidis combination are shown in Table 1 . Arc lengths measurements of IgA A and IgA B , which have similar MW (Cotter, 2000a,b) , suggest these were at higher levels than IgA J . The BTB and JFE precipitates were confirmed to contain IgA by immuno-dot-blots using affinity purified α-chain specific goat anti-chicken IgA (Figure 2) . Moreover, immuno-dot-blots using affinity purified -chain specific primary antibody were negative, further suggesting that BTB and JFE are IgA specific (data not shown). Ouchterlony IgA J precipitates are conspicuously curved ( Figure  1 ) because of the high MW of this glycoform, and λ is a linear measurement IgA J quantity would have been slightly underestimated due to the arc curvature. Salmonella enteritidis challenge resulted in a highly significant difference between efficiency types, especially in IgA J . Mean arc lengths of R− hens were 7.6 mm in the unchallenged group. They were 9.1 mm in S. enteritidis-challenged hens, representing an increase of about 20%. Conversely, S. enteritidis challenge lowered IgA J arc lengths in R+ hens by about 10% (8.7 vs. 7.9 mm). Table 2 indicates that the overall magnitude of the efficiency difference (R+ vs. R−) was 2.3 mm in absolute terms. Salmonella enteritidis challenge was not associated with significant arc length differences in either IgA A or IgA B .
Variation of IgA diffusion properties is shown in Table  3 . Differences in d 1 or d 2 were found with both IgA A and IgA B , suggesting that diet efficiency status itself is a contributing factor. A change in IgA J (λ), however, only occurs in response to S. enteritidis challenge as is indicated by the significant R × S probability (P = 0.002).
The IgG was present in all bile specimens, and in 9 of 59 (15%), an additional form was detected as a distinct precipitate formed in parallel with the first. These are designated as IgG 1 and IgG 2 , representing the major (high frequency) and minor (low frequency) forms, respectively (Table 4 ). The IgM was detected in bile of only 2 hens, 1 of each efficiency type, neither of which was challenged by S. enteritidis.
DISCUSSION
The results of the present study extend our earlier observations of diet-efficiency-status-associated immunity differences (Cotter and Van Eerden, 2005) . Moreover, we have shown that these are detectable using classical methods. Simple measurements of Ouchterlony precipitate properties (d 1 , d 2 , λ) provide information sensitive enough to detect both quantitative and qualitative variation of IgA (Cotter, 2000a,b) .
Additionally, we have shown that IgA J is a form of IgA precipitated by JFE. It is present in commercial hens, as are 2 other types, IgA A and IgA B . The latter is already known to be an IgA glycoform by its Ouchterlony and immunoelectrophoretic precipitation properties (Cotter, 2000a) . Oral S. enteritidis exposure elevated bile IgA J in R− hens, but it was lowered in R+ hens. In the absence of Salmonella exposure, IgA J levels did not differ significantly. This suggests a functional role for IgA J .
Two IgA forms are recognized in humans, IgA 1 and IgA 2 . Because of a deletion, a catalytic site is absent from IgA 2 providing it with resistance to bacterial proteolysis; IgA 1 is susceptible. Thus IgA 2 has a protective role not possessed by IgA 1 that is especially important concerning diseases of mucosal surfaces. The proteolytic sensitivity of IgA J is currently unknown. The formation of high MW IgA J complexes may provide some compensation for potential proteolytic sensitivity, allowing it to retain functionality in the presence of microbial enzymes.
Because of its capacity to bind carbohydrates present in IgA 1 , JFE is used to separate IgA 1 from biological fluids containing both IgA 1 and IgA 2 (Roque-Barreira and Campos-Neto, 1985; Kondoh et al., 1986) . Presumably JFE also binds to carbohydrates on the chicken heavy chain. Important distinctions exist between avian and mammalian IgA. Chicken α chains have 4 CH domains compared with 3 of mammals (Mansikka, 1992) , accounting in part for higher MW. The IgA J appears to be heavier than the other avian glycoforms, which is indicated by its curved precipitin arc and low diffusion in agarose (Figure 1 ). Perhaps bile IgA J corresponds to one of the very high MW forms described by Lebacq-Verheyden (1972) . The IgA J is also found in some cyst fluids, but it has not yet been detected in serum (Cotter, 2004) . It is likely that both IgA B and IgA J are distinct from each other and differentiated from IgA A by carbohydrates located at acceptor sites in region A1 C of their α-chains (Mansikka, 1992) . Because the hens used in the present study were a commercial product, allotypic differences may have also contributed to IgA variation. This could arise as a result of amino acid substitutions on α-chain sites (Zhao, et al. 2000) . However, in contrast to glycoform differences detectable by lectin precipitation, allotype differences in which one amino acid replaces another do not affect MW and would not be detected.
Polymeric IgA of chickens is actively transported from blood to bile (Rose et al., 1981) , so it is likely that formation of high MW IgA J occurs after low MW precursors exit blood. The IgA transport requires the formation of a complex with the poly Ig receptor (pIgR; Wieland et al., 2004) . After transcytosis a portion of pIgR remains attached to the IgA as the highly glycosylated secretory component. It has been suggested this aids in the proper orientation of secretory IgA on the luminal glycocalyx. It may be that Jacalin also reacts with secretory component IgA J because of its carbohydrate content. Direct complexes between IgA and its receptor have been demonstrated in humans only in the high molecular mass fractions of IgA, but not in monomeric IgA. These might contribute to formation of polymeric IgA (van der Boog et al., 2002) . The IgA J could be an avian version of what has been described in humans. It may be that the apparent differences in glycosylation patterns and MW found in IgA B and IgA J act to provide the host with a broader spectrum of degradation-resistant IgA.
The IgG was also present in all but one bile sample, and in 8 hens 2 forms were detected. This second form was observed earlier in other lines of chickens (Cotter, 2000a) , and we now refer to these as IgG 1 and IgG 2 . The IgG 1 predominates based on its frequency and quantity. Perhaps these correspond to the IgG subclasses described by Foppoli et al., 1978 . Arc length measurements (λ) of bile IgG 1 were higher in hens of both efficiency types as a result of S. enteritidis exposure. The increase was proportionally greater in R+ hens, but this difference only approached significance (Table 4 ). The frequency of IgG 2 was too low to draw any conclusions relative to metabolic efficiency or to Salmonella exposure.
In summary, our data show that efficient hens differ from nonefficient hens in both the quantity and quality of IgA and how they respond to oral Salmonella challenge. This is primarily associated with an increase in the quantity of the glycoform we call IgA J . The current results extend our earlier observations showing that efficient hens produce more Salmonella specific antibody compared with similarly challenged nonefficient hens. We have speculated that the efficiency status is attained without a compromised immune status (Cotter and Van Eerden, 2005) . Our observations do not address questions pertaining to possible negative consequences on immunity arising from genetic selection for improved production. However, they tend to suggest that compromised immune responses will not necessarily be a consequence of genetic gains in production parameters.
